Abstract The volume-regulated anion channel (VRAC) is a ubiquitously expressed yet highly enigmatic member of the superfamily of chloride/anion channels. It is activated by cellular swelling and mediates regulatory cell volume decrease in a majority of vertebrate cells, including those in the central nervous system (CNS). In the brain, besides its crucial role in cellular volume regulation, VRAC is thought to play a part in cell proliferation, apoptosis, migration, and release of physiologically active molecules. Although these roles are not exclusive to the CNS, the relative significance of VRAC in the brain is amplified by several unique aspects of its physiology. One important example is the contribution of VRAC to the release of the excitatory amino acid neurotransmitters glutamate and aspartate. This latter process is thought to have impact on both normal brain functioning (such as astrocyte-neuron signaling) and neuropathology (via promoting the excitotoxic death of neuronal cells in stroke and traumatic brain injury). In spite of much work in the field, the molecular nature of VRAC remained unknown until less than 2 years ago. Two pioneer publications identified VRAC as the heterohexamer formed by the leucine-rich repeat-containing 8 (LRRC8) proteins. These findings galvanized the field and are likely to result in dramatic revisions to our understanding of the place and role of VRAC in the brain, as well as other organs and tissues. The present review briefly recapitulates critical findings in the CNS and focuses on anticipated impact on the LRRC8 discovery on further progress in neuroscience research.
LRRC8 Leucine-rich repeat-containing 8 NKCC Na The volume-regulated anion channel (VRAC) is a ubiquitously expressed ion channel. It is activated in response to cellular swelling and plays a key role in cell volume homeostasis. This physiological process is essential because in the majority of animal cells, the plasma membrane is highly permeable to water, and they, therefore, either swell or shrink in response to changes in the extracellular and intracellular content of osmotically active molecules. Alterations in cell volume are associated with several Bdangers.^Severe osmotic swelling has negative impact on cellular and tissue morphology and integrity and may culminate in osmotic lysis. Conversely, excessive osmotic shrinkage dehydrates cells to such a degree that it causes misfolding of intracellular proteins and dysfunction of organelles, altogether triggering apoptotic cell death. In higher organisms, dramatic changes in osmolarity are largely restricted to the kidneys and gastrointestinal tract, while the rest of the body is protected by the multilevel homeostatic control of systemic osmolarity [28, 156] . Nevertheless, even in highly regulated extracellular milieu, cells experience frequent fluctuations in their volume due to unbalanced transmembrane fluxes of ions and nutrients or due to osmotically significant synthesis or degradation of macromolecules within the cell. The associated moderate swelling and shrinkage do not jeopardize cell integrity but are harmful because they tend to disrupt the precise equilibrium in concentrations of intracellular ions, signaling molecules, enzymes, and substrates and products of biochemical reactions. These latter changes and their impact on cell function are amplified due to the fact that up to 20-30 % of the cellular interior is occupied by macromolecules and the amount of free, unbound water in the cytosol and organellar matrix is rather limited [55] . As a result, changes in concentrations and activities of the intracellular constituents exceed those which would be expected based on degree of cell swelling or shrinkage. For the purposes of protection, swollen and shrunken cells engage a number of compensatory mechanisms leading to regulatory volume decrease (RVD) or regulatory volume increase (RVI), respectively. A comprehensive discussion of cell volume regulation can be found in numerous reviews on this topic (see for example [87, 110, 136, 209] ).
In the majority of cell types, VRAC is the first line of defense against abrupt cell swelling, because the activity of this channel sustains the driving force for RVD. Efflux of Cl − and other anions via VRAC offers accompanying charge for the movement of the most abundant cytosolic ion and osmolyte, K + [87, 110] . Typically, and this is certainly the case for the central nervous system (CNS) cells, the plasma membrane has high background permeability for K + and much lower permeability for Cl − . In swollen cells, the outwardly directed flux of K + is severely restricted by the negative membrane potential, unless opening of VRAC allows for functionally coupled release of anions and in such a way facilitates the net loss of KCl and osmotically obligated water (see diagram in Fig. 1 ). This principle was recognized very early and experimentally tested in several pioneer studies, which measured electrogenic movement of radiolabeled cations and anions in relationship to cell volume in Ehrlich ascites tumor cells and human lymphocytes [70, 86, 88, 181, 182] . Several years later, two groups independently recorded the first volume-sensitive Cl − currents in the intestinal epithelial 407 cells and human lymphocytes using an electrophysiology approach, effectively launching the extensive biophysical studies of VRAC [34, 81] . Within the next few years, swelling-activated Cl − currents were detected in numerous, highly diverse cell types. What emerged from this subsequent work was that regardless of cell type, swelling-activated Cl − currents possessed strong similarities in their properties and were, therefore, likely mediated by a distinct Cl − channel (or group of very similar Cl − channels). This channel was dubbed either VRAC [142] , or volume-sensitive outwardly rectifying (VSOR) Cl − channel [148] , or volume-sensitive organic osmolyte-anion channel (VSOAC) [193] . Besides the undisputed role of VRAC in cell volume regulation, this channel was putatively linked to transepithelial ion transport, regulation of membrane potential, cell proliferation, apoptosis, migration and invasion, and release of biologically active molecules (reviewed in [87, 110, 136, 209] , with additional focus on VRAC [7, 142, 148, 149, 193, 194] ). Some of these VRAC functions will be discussed in the context of brain physiology in the next section. The molecular identity of VRAC was unknown until very recently. Therefore, all early functional studies were based on correlating densities of the VRAC-attributed anion currents with various biological phenomena and the use of putative VRAC blockers-such as 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB), tamoxifen, phloretin, and 4-[(2-butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-yl)oxy]butanoic acid (DCPIB)-for probing its roles. The Bfingerprint^biophys-ical properties of VRAC, several of which are reflected in its alternative names, include (i) activation by cell swelling, (ii) moderate outward rectification, (iii) intermediate conductance in the range of 50-80 pS at positive potentials and 10-20 pS at negative potentials, (iv) time-dependent inactivation at high positive potentials, (v) so called low-field strength anion selectivity resulting in the Eisenman type I selectivity sequence for anionic molecules (SCN − >I − >NO 3 − >Br − >Cl − >F − >HCO 3 − > gluconate), (vi) permeability to small negatively charged and uncharged organic molecules, and (vii) requirement of a nonhydrolytic binding of intercellular ATP for channel activation. Although taken individually these properties are not unique, their combination was used for VRAC identification and to discriminate it from other Cl − channels in various cells and tissues (see representative VRAC current traces in brain cells in the following sections). The comprehensive overview of the biophysical properties of VRAC, covering numerous cell types including brain cells, can be found in several outstanding publications [7, 142, 148, 193] ; they are also thoroughly discussed in this issue of Pflugers Archiv by Stine Pedersen et al. I have briefly recapitulated VRAC characteristics in the present manuscript because they are essential for understanding the multiple roles of this channel under physiological and pathological conditions. One biophysical feature, which deserves singular attention for our understanding of VRAC functions in the brain, is its permeability for small negatively charged or uncharged organic molecules. The first evidence that Cl − channels (which we now know as VRAC) can constitute a route for transmembrane amino acid fluxes was collected in Madin-Darby canine kidney (MDCK) cells using single-channel electrophysiological recordings. Umberto Banderali and Guy Roy measured transmembrane anion currents using solutions containing aspartic acid, glutamic acid, or the amino sulfonic acid taurine as the main carrier of charge and demonstrated substantial membrane permeability for these molecules [17] . These observations matched numerous independent findings linking cell swelling to a Bleak-type^loss of cytosolic amino acids from MDCK and other cell types, including several classes of brain cells [106, 153, 166, 173, 174, 189] . Ironically, the above cited first recordings of the amino acid currents [17] might not have been mediated by VRAC, because they had been performed in the excised membrane patches with ATPfree solutions, which are poorly suitable for VRAC recordings. Nevertheless, the subsequent whole-cell electrophysiological studies-many of which were performed in primary and transformed brain glial cells-supplied strong experimental proof that VRAC is permeable to a variety of amino acids [97, 98, 124, 150] . Such permeability is consistent with the VRAC pore diameter of~1.1-1.2 nm (11-12 Å) or perhaps slightly larger. The size of the pore was estimated based on the fit of the relative permeabilities of inorganic anions with known radii or derived from electrophysiological recordings in the presence of pore-permeating or pore-blocking sulfoniccalix arenes and polyethylene glycol molecules with various diameters [51, 52, 200] . The VRAC pore may be suitable for conducting molecules as large as ATP [24, 85] and the tripeptide glutathione [178] . This channel poorly discriminates between various anions and neutral molecules due to the weak charge interactions of transported molecules with the amino acid moieties lining its vestibule. The biggest unsolved question of VRAC biology is the nature of cell volume signal and downstream biophysical and biochemical mechanisms which link channel activity to changes in cell volume. Despite much work in the field, this issue remains unsolved. Numerous intracellular signaling enzymes and cascades have been implicated in the regulation or modulation of VRAC, but none of them appear to play the dominant and universal role across many cell types. Because this particular problem is outside of the scope of the present manuscript, the reader can be referred to several prior publications, which discuss the topic at length [87, 136, 142] , and to review by Stine Pedersen et al. in this issue of the journal.
Finally, a few additional aspects of cell volume regulation need mentioning and will be helpful for discussing VRAC functions in the brain. First is the nature of the permeant anion in cell volume regulation during RVD. Certain cell types, including certain types of neurons in the brain, effectively regulate their volume in spite of the very low intracellular Cl − (10 mM or lower) [101] . Therefore, to sustain loss of large quantities of cytosolic K + , these cells likely release appreciable quantities of alternative cytosolic anions, such as bicarbonate and negatively charged amino acids and monocarboxylates, which have been already mentioned above. For this reason, VRAC is frequently called an anion channel rather than a Cl − channel.
The second important point is that many vertebrate cells express electroneutral K + ,Cl − cotransporters (KCCs), which (asterisk) are also activated by cell swelling and aid in the process of cell volume regulation (see Fig. 1 ). Contribution of KCCs to cell volume control was first discovered in red blood cells, where they are entirely responsible for RVD [111] . In the brain, KCCs are highly expressed in neurons. The KCC2 isoform is active under isotonic conditions and helps neurons to maintain intracellular Cl − levels below the Nernst equilibrium potential, allowing for inhibitory actions of GABA A receptor channels [126] . Other KCCs, and particularly KCC3, appear to be important for neural volume regulation [101] . Mentioning swelling-activated KCCs is important in two respects: (i) VRAC and KCCs may cooperate in cell volume regulation since mutations in KCCs lead to brain disorders, which may be associated with cell swelling (see discussion in [101] ), and (ii) opening of VRAC can modulate neuronal excitability by changing Cl − permeability in a manner independent of the GABA A receptor function. In contrast to KCCs, the distantly related electroneutral Na
− cotransporters (expression of NKCC1 is widespread, while NKCC2 is restricted to the kidney) are activated by cellular shrinkage and mediate RVI (reviewed in [176] ). Paradoxically, in one type of brain cellsastrocytes-NKCC1 is activated by cell swelling and also under various pathological conditions. This unique feature of the astrocytic NKCC1 drives uncontrolled changes in cell volume and activation of VRAC in CNS disorders (see Fig. 1 and BAstrocytic VRAC and its contribution to pathological amino acid release and physiological signaling^for references and discussion). Finally, it is important to mention that VRAC is thought to be a Bwet^channel allowing water permeation through its pore [140] . This function will be important for discussion of VRAC activity in certain populations of neuronal cells, which have very low water permeability due to the lack of aquaporin water channels on their membranes.
Common and unique roles of VRAC within the brain
Brain tissue is composed of several diverse classes of cells which greatly differ in terms of their origins and function. Excitable neurons are a major cell type in the CNS; they mediate higher brain functions via synaptic communication in the extensive multicellular networks. The remaining nonexcitable cells are collectively called glia or neuroglia. This term neuroglia encompasses three types of cells: astrocytes, oligodendrocytes, and microglia. Astrocytes are actually the most numerous and functionally complex cells within the brain, which create a supportive milieu for neuronal communication. This is accomplished via (i) removal of excessive neurotransmitters from the extrasynaptic space, (ii) buffering fluctuations in the extracellular levels of K + and other ions, (iii) processing and redistributing energetic substrates delivered with blood flow, and (iv) regulation of blood flow to match the perfusion rates to changing activities in neuronal networks. More recent studies established that besides trophic and homeostatic support, astrocytes communicate with neurons via release and sensing of signaling molecules (gliotransmitters) and, in such a way, actively modulate neuronal communication [80, 152] . The main role of oligodendrocytes is to produce myelin, an insulating structure that covers axonal processes of neuronal cells. Myelin accelerates propagation of action potentials along axonal fibers and also supports their integrity and health. Microglial cells are the Bmacrophages of the brain^-the resident immune cells in the CNS. They phagocytose apoptotic neurons during development, participate in the pruning of dysfunctional synapses in mature brain, and mediate the inflammatory responses in situations of infection or physical damage to the brain. Finally, it is important to remember that brain tissue is supplied with oxygen and nutrients via an extensive network of blood vessels. Although vascular smooth muscle cells, endothelial cells, and pericytes do not technically belong to the CNS, they actively communicate with the brain's resident cells, particularly astrocytes, altogether integrating in the so-called neurovascular unit [77] . Many of the functions listed in this paragraph may be directly or indirectly modulated by VRAC.
Electrophysiological studies identified VRAC-like anionic conductance in all types of brain cells with the exception of oligodendrocytes, which have not been extensively studied in this regard. In the present manuscript, I mention only key previous findings and focus on the current views on functional significance of VRAC in the neural tissue. Many helpful additional details about VRAC/VSOR in the CNS can be found in a recent comprehensive review [7] . Historically, astrocytes were studied to a greater extent as compared to other cell classes of brain cells. Therefore, this review is by necessity highly Bastrocentric.Â strocytic VRAC and its contribution to pathological amino acid release and physiological signaling
The first recordings of swelling-activated Cl − currents in the CNS cells were performed in astroglial cells by the group of Kevin Strange, using the rat glioma C6 cell line in their electrophysiology experiments [97, 98] . Subsequently, many laboratories explored VRAC characteristics and VRAC functions in primary astrocytes isolated from rats and mice [2, 39, 119, 150] . For illustration purposes, I have included here our own recordings of VRAC currents in primary rat astrocytes (Fig. 2a) . Independent of the electrophysiological work, several groups started to utilize radiolabeled amino acids and/or HPLC assays to find that swelling of astrocytes triggers release of cytosolic amino acids, including glutamate, aspartate, and taurine [106, 125, 154] . Such release occurs via the permeability pathway, which is sensitive to known VRAC blockers. Representative data demonstrating swellingactivated release of the non-metabolizable glutamate analog
]aspartate in astrocytes are included in Fig. 2c . The compounds, which inhibit VRAC currents and release of organic osmolytes, also blocked hypoosmotic RVD in the substrateattached and suspended astrocytes [180] . Overall, the totality of studies on astrocytic VRAC convincingly demonstrated its critical role in cell volume control.
VRAC functions in astrocytes receive a lot of attention because these cells are known to be profoundly swollen in various brain pathologies. Via incompletely defined mechanisms, traumatic brain injury, stroke, hyponatremia, and epilepsy all cause astrocytes to undergo dramatic and sustained swelling, particularly in the areas where the astrocytic processes contact brain vessels (see for example [18, 56, 123] and reviews [103, 104, 129, 134] ). Initially, VRAC activation was considered to be a solely protective mechanism assisting in resolution of cellular edema. The release of organic osmolytes from swollen cells was also deemed to be a good thing because it was thought to aid cell volume regulation even in the face of disrupted transmembrane gradients for K + , Cl − , and Na + . To the best of my knowledge, Harold Kimelberg was the first to propose a counterintuitive idea that opening of VRAC may also harm the brain via release of the excitotoxic amino acid neurotransmitters glutamate and aspartate [106] .
Ischemia and traumatic brain injury are known to produce buildup of glutamate and aspartate in the extracellular space via a variety of mechanisms [22, 158, 169, 190] . Since these transmitters activate numerous types of glutamate receptors, particularly the Ca a Whole-cell recordings of Cl − currents in primary rat astrocytes exposed to hypoosmotic medium (−60 mOsm) with symmetrical concentrations of Cl − in bath and pipette solutions. In the main panel, the time course Cl − current development was recorded in response to brief alterative voltage steps to ±40 mV from the holding potential of 0 mV. In the inset, Cl − currents in response to voltage steps from −100 to +100 mV in 20-mV increments. Note outward rectification and timedependent current inactivation at high positive potentials. Reproduced with permission from I.F. Abdullaev et al. [2] . b Whole-cell recordings of VRAC Cl − currents performed in rat primary microglial cells. The conditions and composition of experimental solutions were similar to those used in a. Reproduced with permission from T.J. Harrigan et al. [74] . c Swelling-activated glutamate release from primary rat astrocytes traced with its non-metabolizable analog D-[ [74] . e Hypoosmotic stimulation of glutamate release from the rat cortical tissue measured using a microdialysis approach. The cortex was perfused with isoosmotic or hypoosmotic artificial cerebrospinal fluid additionally containing the low-affinity VRAC blocker DNDS, which is well tolerated in vivo. Collected microdialysis samples were analyzed off-line for the presence of L-glutamate and other amino acids using HPLC. *p<0.05, effect of DNDS on glutamate release under hypoosmotic conditions. Reproduced from R.E. Haskew-Layton et al. [75] 
under the Creative Commons Attribution (CC BY) license
Bexcitotoxicity^ [16, 37, 117] . Perhaps, glutamate toxicity is the price to pay for use of this molecule as both the brain's main excitatory neurotransmitter and the major cytosolic osmolyte (it is the most abundant amino acid in the CNS). Sustained glutamate release from pathologically swollen cells is incompatible with brain physiology.
The hypothesis of VRAC toxicity was extensively tested in vivo, in animal models of stroke. Systemic administration of the blood-brain barrier-permeable VRAC inhibitor tamoxifen potently protected the brain against injury in rodent models of transient and permanent cerebral ischemia (up to >80 % reduction of brain infarction [105, 107] , also see Fig. 3a ). These findings were reproduced with the more selective VRAC blocker DCPIB [216] and further verified in larger animal species, in a canine model of stroke [27] . Equally important, a variety of VRAC inhibitors including tamoxifen and DCPIB were found to reduce the intraischemic glutamate release, which was quantified using a microdialysis approach or cortical cup perfusion technique [60, 159, 160, 216] (also shown in Fig. 3b ).
The effects of VRAC inhibitors on glutamate release in ischemia vary depending on the location of the probe in the ischemic tissue. It is important to remember that VRAC activity requires non-hydrolytic binding of ATP on its cytosolic side, and the channel is potently blocked by arachidonic acid and other polyunsaturated fatty acids [142, 148, 193] . Therefore, in the ischemic core, VRAC is likely inactive due to depletion of ATP and the phospholipase-driven accumulation of fatty acids. Instead, in this ischemic area, glutamate is unloaded to the extracellular space via reversal of glial and neuronal Na + -dependent glutamate transporters and perhaps other mechanisms [129, 169, 190, 198] . In contrast, on the periphery of ischemic tissue, in the area called the ischemic penumbra, collateral blood flow partially sustains metabolism in brain cells, allowing for VRAC activation. There, tamoxifen and DCPIB suppress the intraischemic glutamate release by up to 70 % [60, 216] (Fig. 3b) . Finally, one should ask what cell type, or cell types, contributes to VRAC-mediated glutamate release. There is no definitive answer to this question but two facts point to a dominant role of astrocytes: (i) in the ischemic tissue, astrocytes, but not neurons, show prominent swelling; (ii) neuronal VRAC is paradoxically insensitive to tamoxifen and therefore unlikely responsible for the protective effects of this compound in stroke (see additional discussion in BNeuronal VRAC and its potential impact on volume control, excitability, and excitotoxic cell death^). Altogether, animal data support the major pathological significance for VRAC in stroke and suggest that it represents a promising therapeutic target in this disorder [104, 129] . This notion led to designation of VRAC as the Bfrenemy^of the brain.
Another example of human disease that is strongly associated with astrocytic swelling is hyponatremia-the most prevalent fluid-electrolyte disorder encountered in clinical practice. It is defined as a drop in blood serum Na + levels from 145 to 150 mM to lower than 135 mM, with matching changes in systemic osmolarity. Hyponatremia is frequent in a b c Fig. 3 The VRAC inhibitor tamoxifen potently protects rat brain against damage in an experimental stroke model and reduces the intraischemic glutamate release in rat cortical tissue. a Representative images of brain sections from rats subjected to 2-h experimental stroke and evaluated 3 days after ischemia. Animals were treated with vehicle (A) or the VRAC blocker tamoxifen (5 mg/kg) given i.v. either 10 min prior to (B) or 3 h after initiation of stroke (C). At the end of the experiment, rats were euthanized and their brains were sliced and stained with triphenyltetrazolium chloride to visualize tissue damage (infarcted tissue is unstained). Reproduced with permission from H.K. Kimelberg et al. [105] . b Dynamics of the microdialysate glutamate levels during and after focal cerebral ischemia. Vehicle control (5 % DMSO), the VRAC blocker tamoxifen (50 μM), or the inhibitor of the glial glutamate transporter GLT-1 dihydrokainate (DHK, 1 mM) was delivered through the microdialysis probe placed in the ischemic penumbra. *p<0.05, tamoxifen vs. DMSO and DHK during ischemia; #p<0.05, DHK vs. tamoxifen and control after ischemia (repeated measures ANOVA). Modified with permission from P.J. Feustel et al. [60] . c Hypothetical representation of the processes in the ischemic penumbra, based on the results of microdialysis experiments. Pathological swelling of astrocytes (and perhaps other cells) triggers glutamate release via the VRAC. Increased glutamate levels cause Ca
2+
-dependent damage and death of neuronal cells due to excessive activation of neuronal NMDA receptors. In the penumbra, glial transporter GLT-1 continues to take up extracellular glutamate and, therefore, addition of DHK leads to high sustained glutamate levels during and after ischemia hospitalized patients and elderly individuals in long-term care and usually develops due to improper retention of water [3, 67, 204] . Although all tissues are affected by the osmotic change, the brain represents the main target organ. In its most severe forms, acute hyponatremia is life-threatening because it causes dramatic swelling of the brain tissue. Because the brain is confined by the rigid skull, tissue expansion compresses blood vessels to cause deficits in cerebral circulation and eventually leads to herniation of the brainstem. Milder reductions in blood Na + levels produce a variety of neurological symptoms-such as nausea, confusion, headaches, and hallucinations-and elevate the risk of death in comorbid states [67, 162, 204] .
The neurological manifestations of hyponatremia may be related to the swelling-activated release of glutamate, aspartate, and other neuroactive substances via VRAC. In model microdialysis experiments performed in the rat cortex, local perfusion of hypoosmotic medium triggered elevation in extracellular levels of several VRAC-permeable amino acids, much like what is seen in cultured cells [75, 93] (see Fig. 2e ). Strangely enough, hyponatremia causes rather selective swelling of astrocytes and their processes surrounding blood vessels [123, 167, 208] . In vivo observations suggest that cortical pyramidal neurons do not express aquaporins and due to low water permeability of their membranes do not extensively swell under hypoosmotic conditions, and the same is true for neuronal processes and both synaptic and dendritic structures [12, 192] . We found that swelling can modify neurotransmitter signaling by acting on astrocytes via at least two mechanisms [93] . Normally, astrocytes maintain low extracellular glutamate levels due to uptake via the Na + -dependent glutamate transporters. In pathology, opening of VRAC shunts neurotransmitters to the extracellular space, causing neuronal excitation [75] . This Bnoxious^or Btoxic^excitatory amino acid release can be partially buffered via re-uptake by the Na + -dependent glutamate transporters, but this compensatory mechanism is not sufficient to protect against pathological degrees of cell swelling [187] . Additionally, astrocytic swelling inhibits glutamine synthetase, the enzyme which converts the excitatory glutamate to inert glutamine, which is returned to neurons to complete the glutamate-glutamine cycle [93] .
Yet another syndrome that disproportionally affects the CNS and is strongly associated with astrocytic swelling is hyperammonemia-systemic increases in ammonia levels above the threshold of~100 μM, which lead to hyperammonemic encephalopathy (see for example [143] and reviews [23, 33, 144] ). Most frequently, hyponatremia develops due to chronic liver disease or acute failure of the liver function. However, other conditions-such as inherited deficiencies of the urea cycle, certain bacterial infections of the gut, and Reye's syndrome-may also lead to the same type of neuropathology [33, 59] . High blood ammonia levels approaching 1 mM and brain ammonia levels within the range of 1-5 mM trigger severe brain edema that is frequently lethal due to severe ischemia and herniation of the brain [23, 33, 144] . These complications are the result of increasing intracranial pressure due to net accumulation of organic osmolytes and osmotically obligated water. The main mechanism of osmolyte accumulation is fixation of ammonia and production of glutamine by the astrocytic ATP-dependent glutamine synthetase [33, 144] . The osmotic burden due to the enhanced activity of glutamine synthetase is further accentuated by accumulation of brain alanine via the work of the alternative detoxification mechanism incorporating glutamate dehydrogenase and alanine aminotransferase [41, 201] . Actions of astrocytic glutamine are not restricted to its direct osmotic effects, since this amino acid is also thought to induce cellular pathology indirectly, via oxidative and nitrosative stress and impaired mitochondrial function (the BTrojan horse^hypoth-esis [8] ).
In acute hyperammonemia, cell swelling is nearly exclusively restricted to astrocytes and is likely largely mediated by the activity of glutamine synthetase in these cells [102, 143, 144] . Cell swelling and metabolic changes in astrocytes dramatically dysregulate metabolism of numerous neurotransmitters and lead to a plethora of neurological deficits. Among the relevant changes, elevated extracellular glutamate (which was directly observed in microdialysis experiments) and ensuing activation of NMDA receptors (confirmed via protective actions of selective NMDA antagonists) play a major role in hyperexcitation, seizures, tissue damage, and mortality [26, 59, 83] . It is tempting to link the ammonia-induced glutamate release and excitotoxicity to swelling-activated VRAC (similar to that discussed above for hyponatremia). However, this is rather an overly simplistic and speculative view. The strong experimental support for contribution of VRAC is currently lacking, and other mechanisms for neurotransmitter release have also been proposed (see for example [69] and review [137] ).
Unlike the acute syndrome, chronic hyperammonemias are less dangerous but much more common in patients with chronic liver disease. In these, and related animal models, astrocytic swelling is not obvious (Blow-gradeĉ ellular edema), but rather astrocytes show progressive morphological changes characterized as Alzheimer type II astrocytic degeneration, with nuclear enlargement, prominent nucleoli, and distinct margination of chromatin [58, 59, 76] . Some of the associated changes in brain physiology and neurotransmitter homeostasis and signaling may be related to moderate astrocytic swelling (and, by extension, to VRAC activity). However, despite the fact that such connection has been proposed and continues to be discussed [76] , it has not been thoroughly evaluated. Overall, it is clear that robust changes in brain physiology t h a t o c c u r d u r i n g c h r o n i c h y p e r a m m o n e m i c encephalopathy cannot be reduced to the effects of cellular swelling. The alternative concepts and views have been recently reviewed in [58] . As already mentioned in the BIntroduction: general properties and physiological significance of VRAC,^brain cells, including astrocytes, express the ubiquitous isoform of Na
− cotransporter-NKCC1, which is typically activated by cellular shrinkage and mediates a regulatory accumulation of inorganic ions and RVI (reviewed in [176] ). High expression of astrocytic NKCC1 allows astroglial cells to keep their cytosolic Cl − levels high, above the electrochemical equilibrium for this anion [176] . In primary rat astrocytes and rat glioblastoma C6 cells, NKCC1 is paradoxically activated by cell swelling [130, 131] and can be also potently stimulated by high extracellular [K + ], both of which can be expected during extensive neuronal activity, epileptic episodes, or ischemia [122] . The resulting net uptake of Na
− may induce physiological cell swelling or sustain pathological cell volume increase (see [129] for detailed discussion). The diuretic compound bumetanide, which selectively blocks NKCCs, or genetic deletion of NKCC1 prevents high [KCl] out -induced cell swelling and the associated release of excitatory amino acids, which is presumed to occur via VRAC and contribute to tissue damage [177, 195, 196] . In a rat model of focal ischemia, bumetanide reduces stroke infarction volumes by >50 %, while the NKCC-null mice show 30-45 % lessening of their infarction volumes and up to 50 % reduction in brain edema [36, 212] . Neuroprotective properties of the NKCC blocker bumetanide are not restricted to stroke models but have also been reported in acute liver failure [100] and traumatic brain injury [99] . The caveat of these in vivo studies is associated with expression of the NKCC1 in numerous cell types, including endothelial cells. Therefore, the suggested contributions of NKCC1 to the development of brain edema and neurodegeneration may not be limited to astrocytes [32, 145, 146] . Besides the rare situations of acute osmotic stress and several abovementioned brain pathologies, little is known about what functional impact astrocytic VRAC has in the healthy brain. One clear exception is related to the role of astrocytes in the hypothalamic neuroendocrine structures. The supraoptic and the paraventricular nuclei of the hypothalamus contain magnocellular neurons, whose main function is regulation of the whole-body water-electrolyte homeostasis [29, 90] . These cells accomplish this task via regulated secretion of the antidiuretic hormones vasopressin and oxytocin, both of which reduce water secretion (or rather increase water reabsorption) in the kidney. Magnocellular neurons sense changes in systemic osmolarity via (i) input from [Na + ]-sensitive and osmosensitive neurons in circumventricular structures (the subfornical organ and the organum vasculosum lamina terminalis), (ii) engaging their own intrinsic osmosensing mechanisms, but also (iii) receiving signals from the surrounding specialized astrocytes which contain extremely high levels of taurine in the cytosol. These astrocytes sense small decreases in systemic osmolarity and, once swollen, release taurine via VRAC or a VRAC-like channel [31, 44] . In turn, taurine suppresses activity of magnocellular neurons by acting as the endogenous ligand for the inhibitory glycine receptors and reduces the release of vasopressin and oxytocin [91] . Downstream of this area, in the neurohypophysis, another population of specific astrocytes (pituicytes) acts presynaptically, also via the release of taurine, and inhibits secretion of vasopressin and oxytocin at this level. Interestingly, in addition to their systemic functions, vasopressin and oxytocin regulate taurine secretion from pituicytes, creating a loop of paracrine intercellular communication [170] .
In a much similar fashion, astrocytes in other brain areas may also release taurine, glutamate, and other neuroactive substances, which contribute to astrocyte-neuron communication. Although attractive, this idea has not been thoroughly tested. We know that in the CNS, oscillatory activities in neuronal networks cause fluctuations in the volume of extracellular and intracellular space (see for example [11, 89] and review in [197] ). Such fluctuations are thought to involve swelling of astrocytes due to the net accumulation of K + , glutamate, and accompanying ions. However, it is not clear if the degree of physiological swelling (estimated at~5 % of the Bnormal^cell volume) is sufficient to stimulate VRAC. To date, this conceptual problem was addressed only in vitro by studies which discovered the phenomenon of VRAC modulation by Gprotein-coupled receptors (GPCRs) in non-swollen cells. The impetus for these studies was created by an early report in hepatoma cells, which proposed that release of ATP and stimulation of purinergic P2Y receptors serve as an obligatory autocrine signal linking cell swelling to VRAC opening [207] . Although the obligatory nature of ATP signaling had not been confirmed for brain cells, or any other cell types, we and others found that activation of P2Y receptors in astrocyte cultures by ATP and other purinergic agonists produces limited, Ca 2+ -dependent stimulation of VRAC [5, 42, 132, 135, 199] . The ATP-induced increases in VRAC activity and osmolyte release were smaller than those induced by cellular swelling and involved distinct signaling mechanisms. ATP signaling cascades integrate P2Y 1 and P2Y 2 /P2Y 4 receptors, release of Ca 2+ from the intracellular stores, activation of classical PKCα and βI, and additionally Ca 2+ /calmodulin-dependent protein kinase II [135, 175] . According to our current working model, purinergic signaling activates or modulates a small fraction of VRAC channels that are already open or Bprimedf or opening (present in the membrane?) via phosphorylation of VRAC itself or its auxiliary protein. Although ATP effects are measurable in non-swollen cells, the main, larger pool of VRAC molecules remains inaccessible for purinergic stimulation. A concurrent hypotonic cell swelling taps into this volume-sensitive pool and acts synergistically with the purinergic stimulus, presumably by making the VRAC protein accessible to phosphorylation or delivering phosphorylated proteins to the plasmalemma [135] .
Following the discovery of the purinergic modulation of VRAC activity in non-swollen astrocytes, numerous studies described similar effects of the diverse GPCR receptors, linked to either Ca 2+ or cAMP signaling, in the CNS cells and cells derived from many other tissues. There are too many to list, but a good summary of the relevant publications can be found in at least three reviews on this topic [64] [65] [66] . In the context of astrocyte physiology, the main point here is that VRAC opening may occur even in the absence of astrocytic swelling and lead to the release of glutamate and other gliotransmitter molecules. This idea dovetails with numerous reports that astrocytes signal to neurons by liberating glutamate, D-serine, and/or ATP. Thus far, the main mechanism that was ascribed to this process is the Ca 2+ -dependent release from the vesicular pool (reviewed in [15, 80, 152] ). It has been debated that alternative mechanisms of gliotransmission, including those mediated by VRAC, are also possible [61, 72] . Unfortunately, due to the unknown molecular nature of VRAC and the general lack of selective pharmacological and molecular tools, testing VRAC contribution to gliotransmission in complex systems and in vivo has been nearly impossible. Due to the recent discoveries, we are about to see a dramatic change in this situation (see BA whole new game: the discovery of LRRC8 proteins and its impact on CNS research^for further discussion).
Neuronal VRAC and its potential impact on volume control, excitability, and excitotoxic cell death
In neurons or cells of neuronal origin, swelling-activated VRAC or VRAC-like currents were reported in rat sympathetic neurons [112] ; mouse cortical, hypothalamic, and cerebellar granular neurons [95, 155, 183] ; neuroblastoma cell lines [20] ; and hippocampal CA1 pyramidal neurons recorded in situ [215] . In addition to electrophysiology studies, several groups explored the swelling-activated release of taurine and other organic osmolytes in relationship to the RVD process [20, 138, 188, 189] . Compared to astrocytes and non-CNS cells, there are fewer studies in primary neuronal cells because they are more difficult to isolate, cultivate, and patch. Nevertheless, an analysis of existing literature reveals several unique features of VRAC and volume regulation in neuronal cells. One peculiarity of neuronal VRAC is its insensitivity to the potent VRAC inhibitor tamoxifen [95, 96, 112, 215] . Whether the differences in pharmacologic profile point to the existence of a distinct swelling-activated Cl − anion channel in neuronal cells is presently unknown. Another striking aspect of neuronal cell volume regulation is that pyramidal neurons in the cortex and hippocampuswhether acutely isolated or studied in situ and in vivo-are highly resilient to osmotic swelling due to very low water permeability of their membranes [4, 12, 13] . Recent in vivo work demonstrated that neuronal processes and dendritic and synaptic structures also do not show appreciable swelling when exposed to osmotic gradients as large as 100 mOsm [192] . The in vivo and in situ studies were made possible with the introduction of transgenic animals expressing green fluorescent protein (GFP) or its variants under the cell-typespecific promoters. Using two-photon confocal microscopy through a small cranial window, it is now possible to monitor changes in cellular volume and morphology at the single-cell level in anesthetized animals. However, the abovementioned resistance to osmotic challenge is not universal for all types of neurons. Osmotic swelling and effective RVD have been reported in cerebellar granular cells [189] , sympathetic neurons [112] , hippocampal neurons [214] , and neuroblastoma cells [10, 20, 116] . Osmosensitive hypothalamic neurons readily swell but regulate their volume at extremely slow rates [183, 214] . Therefore, depending on their type, neuronal cells may exert dramatic differences in osmotic behavior and VRAC activation, particularly in vivo, where changes in the extracellular and intracellular osmolarity tend to develop much slower than in model in vitro experiments employing hypoosmotic media.
The functional significance of VRAC in neurons is usually considered in terms of cell volume regulation and development and resolution of pathological cell swelling. Being the excitable cells, neurons extensively utilize the transmembrane ionic currents as a tool of the trade. High-frequency stimulation typically leads to net accumulation of Na + and Cl − and swelling of somata and axonal processes and dendritic spines (see for example [14, 63, 203] ). Douglas Fields proposed that in the axonal regions, the activity-dependent swelling may be functionally important for communication between axons and surrounding glial cells and involve release of neuroactive molecules, presumably via VRAC [62] . Under physiological and supraphysiological conditions, changes in neuronal volume are quite small which make it difficult to differentiate them from changes in the surrounding glial cells. Nevertheless, some inferences can be made based off the existing literature. For example, Haj-Yasein et al. [71] analyzed the highfrequency-stimulation-induced shrinkage of the extracellular space (which is proportional to cell swelling) in the hippocampus of animals carrying deletion of astrocytic water channel aquaporin-4. In the hippocampal areas enriched with astrocytic processes, high-frequency stimulation triggered extracellular space shrinkage that was highly influenced by deletion on aquaporin-4, meaning it was related to astrocytes. On the contrary, in the areas devoid of astrocytic processes, changes in the extracellular space (cell swelling) were more profound and completely independent of aquaporin-4, pointing to their neuronal origin [71] . In vitro and in situ, neuronal swelling is largely driven by Na + accumulation via the glutamatergic AMPA and NMDA receptor channels [96, 203] . VRAC is thought to serve as a critical partner in this process because it provides a route for coupled Cl − influx. In cortical neurons, structurally diverse VRAC blockers strongly attenuate the NMDA-induced increase in volume of somata and profound swelling (Bbidding^) of dendritic spines [96] . However, after NMDA is removed, surviving neurons tend to recover their volume and reverse dendritic bidding in a process that is also sensitive to VRAC inhibitors [96] . This reveals the Janus face of VRAC in neuronal cell volume regulation: depending on the state of membrane Na + permeability and directionality of cation fluxes, VRAC either promotes pathological cell swelling or assists in cell volume recovery (RVD). How harmful are neuronal swelling and VRAC activity? Apparently very much so, because in the neurons exposed to excitotoxic levels of NMDA, VRAC blockers reduce neuronal death by 80-95 % [96] . These data fit well with older reports which found that when neurons die upon exposure to glutamate, NMDA, or kainate, the first (acute) phase of cell death was prevented by reducing extracellular concentration of Cl − [172] . The acute glutamate-induced cell death is followed by a delayed phase of neuronal demise, which involves apoptosis or apoptosis-like processes [38, 117] . These later stages of neurodegeneration require intracellular [Ca 2+ ] increases but are largely insensitive to extracellular Na + and Cl − levels. Nevertheless, they also may rely on VRAC, because in many cell types, fluxes of inorganic and organic anions via VRAC, which accompany K + efflux via K + channels, are thought to mediate obligatory apoptotic volume decrease or AVD [25, 87, 149] . To what extent VRAC and AVD contribute to delayed neuronal cell death remains to be established.
Other processes of similar nature, which may be highly relevant to VRAC activity, are spreading depolarization and spreading depression. Spreading depolarization and spreading depression are waves of robust depolarization of neurons and glial cells which occur focally and then spread through the brain tissue at a rate of 2-6 mm/min [49] . These take place frequently in humans and in animal models during migraines and after traumatic brain injuries, hemorrhagic events, and strokes, and exert a powerful negative influence on neurological outcomes [49, 50, 121, 210] . Early model studies in brain slices linked spreading depression to waves of glutamate release to the extracellular space, which likely accelerate and propagate massive depolarization. Glutamate release during spreading depression was attributed to the activation of VRAC, based on its inhibition by NPPB and insensitivity to extracellular Ca
2+
; the latter would be necessary for release from the neuronal vesicular pool [19] . Due to the lack of specific pharmacological inhibitors and molecular biology tools, involvement and significance of VRAC in spreading depression have not been thoroughly tested, but this is something that awaits additional studies. Besides the alreadymentioned glutamate release, VRAC can serve as a route for water flux in aquaporin-deficient neurons and neuronal processes because this channel is thought to conduct water [140] .
Finally, I would like to briefly touch on a possibility of interplay of VRAC and KCC in the regulation of neuronal excitability and neuronal volume under physiological and pathological conditions. As already mentioned in the BIntroduction: general properties and physiological significance of VRAC,^the majority of mature neurons in the adult brain have very low intracellular Cl − (<10 mM), which is maintained at this level due to the constant work of the KCC2 [126] . The KCC2 differs from all other KCC isoforms because it continues to work in non-swollen cells, while other KCCs are activated by cell swelling [101] . Low intracellular Cl − allows neurons to regulate their excitability via actions of the inhibitory neurotransmitters, such as GABA or glycine. Upon stimulation of GABA and glycine receptor channels, inward-directed Cl − fluxes hyperpolarize mature neurons and reduce their excitability [126] . Since, as I already mentioned, high-frequency neuronal stimulation leads to neuronal swelling, it is easy to imagine that opening of VRAC in a swelling-dependent (or swelling-independent) manner can cause inhibition of neuronal activity, acting as the GABAinsensitive equivalent of GABA receptors. This is something which has never been experimentally tested but remains a possibility. The second point here is that KCCs and VRAC may cooperate in neuronal volume regulation. Due to low intracellular Cl − and the inward-directed electrochemical gradient, VRAC function in RVD would be dependent on alternative anions and overall reduced. The swelling-activated KCC activity is also impacted by low intracellular Cl − levels and likely insufficient for effective and timely cell volume regulation. Therefore, cooperative actions of KCC and VRAC may be needed to support volume homeostasis. It is pure speculation, but this may explain why mutations in swellingactivated KCCs, such as KCC3, result in severe neurological phenotypes, possibly via dysregulation of cell volume control (see discussion in [101] ).
VRAC in cell proliferation, migration, phagocytosis, and release of neuroactive substances in microglial cells
Microglial cells originate from monocyte precursors, which populate the brain at very early stages of development, and then become Bisolated^from the rest of the body by emergence of the blood-brain barrier [139] . Therefore, in terms of their functions and properties, these cells are closer to monocytes/macrophages than to other glial cells or neurons.
The ion channel expression profile of microglia is tailored to sustain their functions: migration, proliferation, phagocytosis, and production of reactive oxygen species by the membrane NADPH oxidase. There have been very few electrophysiology studies focusing on swelling-activated Cl − channels in microglia, and the literature is somewhat controversial. Two key publications came from the laboratory of Lyanne Schlichter [53, 186] . In their experiments, which were carried out in primary rat microglia, induction of hypoosmotic swelling led to activation of outwardly rectifying VRAC-like Cl − currents.
However, these currents differed from the Bclassical^VRAC profile in at least two respects: low single-channel conductance and insensitivity to high concentrations of extracellular ATP [53] . Our group recorded swelling-activated Cl − currents in the same cell type and, to the contrary, found that the biophysical profile, average current densities, and high sensitivity to DCPIB were all consistent with expression of the canonical VRAC [74] (see representative traces in Fig. 2c) . Additionally, Eder et al. [54] discovered stretch-activated Cl − currents in the murine microglial cells. Although moderate outward rectification of these currents and their sensitivity to the broad spectrum Cl − channel blockers SITS, flufenamic acid, and NPPB resembled VRAC properties, VRAC is known to be insensitive to membrane stretch. Clearly, more work is needed to address the molecular nature of Cl − channel(s) in microglia, including studies utilizing molecular biology techniques.
Although the molecular nature of swelling-and stretchactivated Cl − channels in microglia is unknown, there is little doubt about their functional significance. Broad-spectrum Cl − channel blockers completely suppressed proliferation of microglial cells [186] , reversibly inhibited formation of ramified processes [54] and lamellipodia [217] , prevented phagocytosis of bacteria and microspheres [53, 68] , and limited cytokine-stimulated cell migration [165] . Furthermore, Cl − channel inhibitors blocked cell volume regulation in hypoosmotically swollen microglia and caused cell swelling when applied under isoosmotic conditions [53] . The latter finding is consistent with relatively high resting Cl − permeability in unstimulated microglia which is conducive for the net KCl uptake [53] . Importantly, the functional significance of microglial Cl − channels was tested in situ, in a slice model of microglial response to brain injury [84] . In the latter study, extension of microglial processes towards the site of injury was completely blocked by the extracellular media with low Cl − , and by the broad-spectrum VRAC inhibitors DIDS, NPPB, and tamoxifen. The take-home message from this brief literature analysis is that Cl − channels are critical for microglial proliferation and the processes that require polarized activation of ion channels, such as migration, cell shape changes, and phagocytosis. Although the experimental evidence for connection between these cellular functions and VRAC is not conclusive, such an idea is consistent with findings in other cell types [87, 110] . A topic which requires separate attention in the context of the present discussion is the potential contribution of microglia to pathological release of excitatory amino acids. In our past work, we measured microglial release of glutamate, traced with its non-metabolized analog D-[
3 H]aspartate, in cells which were exposed to either hypoosmotic media or zymosan. In microglia (and macrophages), zymosan activates Toll-like receptors and triggers production of reactive oxygen species. Both cell swelling and zymosan-stimulated release of glutamate and their actions were additive [74] . In all cases, we found that release of the radiotracer was completely suppressed with DCPIB, strongly suggesting that VRAC is involved. These data are consistent with two electrophysiology reports in primary and immortalized microglia, which estimated the relative permeability for glutamate and aspartate to be 0.12-0.18 and 0.22, respectively, as normalized to Cl − permeability [53, 185] . In another more recent study, we measured D-[
3 H]aspartate release in microglial cells during ATPstimulated migration and found that chemotaxis also causes the DCPIB-sensitive efflux of excitatory amino acids [48] . Taken together, these data suggest that activation and migration of microglial cells are associated with release of potentially toxic glutamate and aspartate. In pathologies such as stroke and traumatic brain injury, microglial cells migrate towards the site of injury or inflammation in large numbers to assist in phagocytosis of dying cells and tissue remodeling. VRAC or VRAC-like channels are active participants and the driving force in many of these processes. Yet, due to the release of glutamate, microglial VRAC may also contribute to the excitotoxic death of neuronal cells, feeding into the frenemy theme of this review.
VRAC pharmacology in the context of probing its biological functions
One of the biggest challenges of studying VRAC physiology and functions was and is the lack of selective pharmacological agents, which block or modulate its activity. This is certainly a problem for several if not the majority of Cl − channels as a class [141, 205] . Many of the inhibitors mentioned in this review such as NPPB, DIDS, SITS, and flufenamic acid inhibit numerous Cl − channels, and their potency in inhibiting VRAC may vary widely among cell types (for details and discussion, see [7, 142, 148] ). Over the years, a number of studies utilized tamoxifen as Bmore selective^and one of the most potent inhibitors. This compound was originally discovered as the blocker of estrogen receptors and is extensively used as a treatment for estrogen-receptor-sensitive breast cancer. In the concentration range of 1-10 μM, tamoxifen inhibits VRAC by >80-90 % in many, but not all, cell types [7] . However, in the similar concentration range, tamoxifen also blocks several types of cationic, Na + and K + channels [9, 73, 82] and activates the BK type of K + channels [45, 46] . To make matters worse, tamoxifen possesses antioxidant properties [40] and potently inhibits neuronal (nNOS) and inducible (iNOS) isoforms of nitric oxide synthase (NOS) [151] . The latter two actions of this agent created a particular problem for interpreting the neuroprotective effect of tamoxifen in stroke, a disease that includes oxidative stress and excessive NO production as important components of its pathology [47, 120] .
Needless to say, leading laboratories in the field were constantly in search for more selective anion channel blockers. One of the agents that partially discriminate between VRAC and other Cl − channels is phloretin, which was originally identified as an inhibitor of the Na + -dependent glucose transporters [179] . At a concentration of 100 μM, phloretin blocks VRAC currents by 80 % or more, but either does not affect or very weakly suppresses several other types of Cl − channels [57] . Another highly touted and widely utilized compound is DCPIB. It was found to strongly discriminate VRAC from an extensive array of anion and cation channels in model and primary cell lines [43] . Consequently, this inhibitor became the staple for probing VRAC functions in cells, more complex experimental systems, and in vivo. In the CNS, this agent was found to block VRAC in astrocytes [2, 118] , neurons and neuroblastoma cells [35, 78] , and microglial cells [74, 185] . Furthermore, DCPIB potently protected the brain against ischemic damage in a rodent model of stroke [216] . The latter finding is considered the strongest evidence to date for pathological significance of VRAC in the brain. However, as it is the case for majority of pharmacological agents, over time, the selectivity of DCPIB has been questioned. Our group tested this agent for its ability to inhibit diverse glutamate permeability pathways and glutamate transporters. We found that in addition to VRAC, DCPIB also potently blocks glutamate release via connexin-43 hemichannels, and glutamate uptake by glial glutamate transporter GLT-1 [30] . Although not anticipated, these effects certainly follow the pattern of crossinhibition of VRAC and astrocytic connexin hemichannels with numerous VRAC and connexin blockers, such as NPPB, tamoxifen, carbenoxolone, and others [21, 213] . Even more peculiar, DCPIB was found to enhance the activity of the twopore domain K + channels TREK-1 and TREK-2 in their native environment and after recombinant expression [128] . The effects of DCPIB on glutamate release via connexins and activation of K + channels will have to be taken into consideration while interpreting the effects of DCPIB on cellular and tissue functions and stroke outcomes.
Limited selectivity of pharmacological tools has always been an issue in a cell-based search for VRAC functions. Still, this problem was not unsurmountable. Studies in cell models typically utilized several structurally unrelated inhibitors to increase confidence in conclusions and also included comparisons of biological phenomena with changes in transmembrane VRAC currents, which have distinct biophysical properties. In contrast, in vivo studies relied (and continue to rely) nearly exclusively on the use of pharmacological agents. Recent findings on the limited selectivity of DCPIB and an ever-expanding list of the off-target effects of other Cl − channel blockers led to stagnation of the research on VRAC physiology. The field was and still is waiting for more selective molecular biology tools.
A whole new game: the discovery of LRRC8 proteins and its impact on CNS research
The molecular nature of VRAC has remained an enigma for several decades. As already mentioned in the preceding text, this gap of knowledge created a significant barrier for progress in the field. Numerous laboratories attempted to identify VRAC, initially via heterologous expression in Xenopus oocytes or other expression systems, and later using RNA interference (RNAi)-driven downregulation of the candidate genes, which encoded known Cl − channels or proteins possessing Cl − channel homology. Several early molecular contenders and more recent VRAC candidates have all been discarded due to the Bnon-fitting^biophysical properties of the related channels, some limitations of employed experimental techniques, and/or because the newly identified proteins were found to encode VRAC Bregulators^rather than VRAC itself. The various stages of the long and turbulent history of VRAC research have been summarized in several excellent reviews [142, 148, 157, 191, 193] . It is only now, retrospectively, that we understand why traditional methods were poorly suited for the identification of VRAC. Two recent independent studies used remarkably similar methodology to accomplish the long-awaited breakthrough. Research teams headed by Ardem Patapoutian in the USA and Tobias Stauber and Thomas Jentsch in Germany utilized small interfering RNA (siRNA) screens in HEK293 cells in conjunction with monitoring fluorescence of the iodide-sensitive mutant of the yellow fluorescent protein (YFP) to detect VRAC activity [164, 206] . In cells exposed to hypoosmotic medium, which additionally contained I − , opening of VRAC caused influx of I − into the cytosol and quenching of the YFP fluorescence. The latter change in the signal was registered using high-throughput microplate readers allowing for effective, genome-wide (or nearly genome-wide) screens for the siRNA species that knocked down endogenous VRAC in HEK293. Results of fluorescence experiments were further validated using an electrophysiology approach in HEK293 and several other cell lines. Both groups reached essentially the same conclusion that expression of the ubiquitous transmembrane protein leucine-rich repeat-containing 8A (LRRC8A) is indispensable for VRAC activity, while the other four members of the same protein family, LRRC8B-E, appeared to be expendable [164, 206] . However, Voss et al. [206] went one step further and, using the erase-and-replace approach, had proven that LRRC8A ought to heteromerize with at least one additional member of the LRRC8 family in order to create functional VRAC. Qiu et al. [164] renamed LRRC8A to SWELL1 to highlight its biological function. The brief summary of what is known about LRRC8A structure and multimeric composition of the LRRC8/VRAC channels is provided in Fig. 4 . Identification of the LRRC8A and discovery of the complementary function for other LRRC8 proteins were very instructive for understanding why other research groups came up short in their search for VRAC identity. Overexpression of the LRRC8A alone reduced rather than increased endogenous VRAC currents, while overexpression of the LRRC8A in combination with its LRRC8 paralogs did not have any suppressive effects but neither did it increase the VRAC current densities [206] . This latter set of data and the presence of endogenous Bbackground^VRAC currents in the majority of cells explain the failure of previous hetero-/overexpression studies. Additionally, the new data on the inability to upregulate VRAC currents by overexpression of the LRRC8 proteins point to the likelihood that VRAC activity requires additional auxiliary or regulatory proteins, which are yet to be discovered [191, 206] . An alternative approach to addressing the VRAC identity, which was heavily utilized in the past, involves rational genome screening for Cl − channel homologs and targeting such homologs using RNAi with a goal to downregulate endogenous VRAC. We now know that such an approach has been fruitless because the LRRC8 proteins do not have homology with any known Cl − channels, but are rather related to vertebrate pannexins and invertebrate innexins [1, 191] . As many others in the field, my research group was engaged in the quest (admittedly fruitless) for VRAC identity for a number of years. Therefore, with everything being in place, we were able to test if LRRC8A is important for VRAC function in brain cells within 2 weeks of the publication of study by Qiu et al. [164] . Because of the pathological significance of swelling-activated excitatory amino acid release, we started with testing if LRRC8A is essential for this process. We found that primary rat astrocytes express LRRC8A and that knockdown of astrocytic LRRC8A expression with several gene-specific siRNAs inhibits swelling-activated release of preloaded radiotracers D-[ Fig. 5 ). Findings with radiotracers were further validated for transport of the endogenous L-glutamate and taurine using HPLC [92] . In addition to LRRC8A, we quantified expression for the other four members of the LRRC8 family and found that in primary astrocytes, their expression levels (relative to LRRC8A) were 1 LRRC8A:~2 LRRC8B:~2 LRRC8C:~2 LRRC8D (and very low expression of LRRC8E) ( [92] , see Fig. 5a ). The absence of the LRRC8E subunit may explain why, in astrocytes, VRAC currents show very modest time-dependent inactivation at highly negative potentials [2, 6] (see representative electrophysiology traces in Fig. 2a) . Voss et al. [206] found in erase-and-replace experiments that coexpression of LRRC8A with LRRC8E generates VRAC currents with dramatically Baccelerated^inactivation at positive potentials.
In addition to the conclusion that the LRRC8A-containing protein complexes are essential for swelling-activated (Bpathological^) glutamate release in the astrocytes, our study provided potentially critical insights into the mechanisms of Bphysiological^release of small organic molecules in these cells. As already mentioned in the preceding text, astrocytes release numerous neuroactive substances (gliotransmitters) in response to stimulation with agonists activating GPCRs and stimulating increases in the intracellular Ca 2+ levels, all occurring without changes in cellular volume. This latter mode of gliotransmitter release is generally believed to have a predominantly vesicular origin. Our prior work explored in great detail an alternative mechanism for the ATP-stimulated efflux of glutamate and taurine from non-swollen and swollen astrocytes [132, 133, 135, 175] . Although we found strong evidence for a contribution of VRAC, the alreadymentioned problems with specificity of VRAC blockers placed these results in doubt. Knockdown of LRRC8A with siRNA completely suppressed the ATP-stimulated release of D-[
3 H]aspartate and [ 14 C]taurine in nonswollen astrocytes [92] . These findings pave the way towards testing potential contributions of VRAC/ a b Fig. 4 Schematic representation of the predicted topology of LRRC8A and multimeric composition of the LRRC8 heteromeric complexes forming VRAC. a Transmembrane topology of the LRRC8A protein based on the model proposed by Abascal and Zardoya [1] . This diagram contains positions of known glycosylation sites (Y), four conserved cysteines (yellow circles), N-terminal leucine-rich repeat motifs (red cylinders), and putative phosphorylation sites for casein kinase II (CK), protein kinase C (PKC), and cAMP-/cGMP-dependent kinases (PKA/PKG) (color-coded multipoint stars, as indicated). The putative phosphorylation sites were determined using the LRRC8A sequence from NCBI Protein database (sequence NP_001120717.1) and ScanProsite phosphorylation probability software (Swiss Institute for Bioinformatics). b Multimeric composition of LRRC8 complexes based on pannexin homology and findings of Voss et al. [206] . Six subunits are proposed to form a channel with one central pore; LRRC8A (red) is an obligatory component of this complex and has to be heteromerized with at least one of the four other members of the same family (LRRC8B-E) to form a functional VRAC channel. The exact amount of each subunit in the heteromer is unknown LRRC8 channels to astrocyte-neuron communication in complex multicellular systems and in vivo. Interestingly, the LRRC8A protein and other members of the same family were known long before the discovery of the LRRC8A-VRAC connection. The naturally occurring truncation mutation of the LRRC8A gene found in a human causes congenital agammaglobulinemia and the lack of peripheral B cells [184] . The patient was heterozygous, and both truncated and full-length proteins were detected in lymphocytes. In mice, introduction of the human mutated LRRC8A into hematopoietic cells caused defects of not only B but also T lymphocytes, thus partially recapitulating the human phenotype [184] . The truncated LRRC8A protein apparently fails to reach the plasma membrane, but it does not have dominant negative effects on VRAC currents in overexpression experiments [164, 206] . Therefore, the reasons for disease phenotype will have to be further explored. The recently published LRRC8A-deletion mouse (LRRC8A −/− ) showed a much more severe phenotype, but paradoxically, the B lymphocytes were spared [109] . LRRC8A −/− animals have defects in thymus development and loss of T cell expansion and function. Furthermore, they show increased in utero mortality, are born well below the Mendelian ratio, and have a maximal life span of 16 weeks and strong histological and functional abnormalities in skeletal muscle tissue, skin and hair, kidney, and reproductive organs [109] . No gross abnormalities in the central nervous system were reported up until now. Heterozygous animals appeared to be normal [109] . The detailed analysis of thymocyte function revealed that in these cells, LRRC8A is associated with the lymphocyte-specific protein tyrosine kinase (LCK) and that LRRC8A deletion strongly decreases PI3 kinase and Akt signaling. This latter bit of information is very interesting because of an old report about defective RVD and strongly reduced VRAC currents in lck-deficient T cells [115] . After the discovery of LRRC8A, several other homologous proteins, LRRC8B-E, with very similar structure and topology were immediately identified [108] . Based on the preliminary expression work, all LRRC8 proteins, with the exception of LRRC8E, are enriched in the brain [108] . Although the individual functions of LRRC8 members remain poorly understood, LRRC8A and LRRC8D appear to be ubiquitous, while other members of the same family have more restrictive expression profile [1, 108] . LRRC8B was proposed to be related to peripheral stimulation of lymphocytes and monocytes due to its differential expression during this process [108] . This isoform is thought to also be enriched in the CNS, particularly in the forebrain [171] . Several other studies involving gene knockout implicated LRRC8C (FAD158) in adipocyte differentiation and development of obesity and insulin resistance [79, 202] . The just-released publication by PlanellsCases et al. [161] highlighted the intriguing role of LRRC8D in sensitivity and resistance of cancer cells to the chemotherapeutic agent cisplatin and related compounds. According to this latter study, although LRRC8D is dispensable for the formation of the Bcanonical^VRAC Cl − channel, it represents an essential part of the pore which is responsible for uptake of cisplatin. Downregulation of LRRC8D increased cisplatin resistance without dramatic impact on cell volume control and also modulated relative permeability to taurine [161] . This fascinating work echoes a number of older phenomenological observations indicating that downregulation of VRAC makes cancer cells less sensitive to cisplatin [113, 163] . Perhaps, LRRC8D-containing VRAC represents a distinct subset of LRRC8 heteromers. In addition to the few abovementioned ]aspartate. Astrocytes were transfected with either scrambled siRNA (siNC) or a mix of four siRNAs targeting the pore-forming LRRC8A (siLrrc8a_mix). Functional assays of glutamate release were performed 72 h after transfection. ***p<0.001, swelling-activated release in control cells and cells treated with LRRC8A siRNA. #p<0.05, release under basal conditions. Modified with permission from M.C. Hyzinski-Garcia et al. [92] functional studies targeting various LRRC8 members, largescale expression studies linked several LRRC8s to prevalent CNS disorders. LRRC8A was found to be strongly reduced in mice lacking the serotonin transporter, which have a depression-related phenotype [94] . LRRC8B was found among the most downregulated genes in patients who died from hemorrhagic stroke [168] . For additional analysis of functional association of the LRRC8 genes and insights on the predicted LRRC8 structure, the reader may consult two recent reviews [1, 191] . Clearly, more work is expected to emerge in this area and future studies will help to clarify the role of the LRRC8 family proteins in brain physiology and pathological states.
Through the looking glass: future avenues for the LRRC8/VRAC research Clearly, studies on the structure and functions of the LRRC8 proteins are in their early infancy. However, one can certainly appreciate the tremendous opportunities the discovery of the LRRC8-VRAC connection has brought to the field. More work is warranted to further validate the hypothesis that LRRC8A and its LRRC8B-E counterparts are the poreforming subunits of VRAC, to decipher the 3D structure of the VRAC pore, and to uncover the exact stoichiometry of the LRRC8 subunits in heterohexameric VRAC complex(es). Using information on the LRRC8 proteins' sequences, we can utilize site-directed mutagenesis for gaining knowledge on the mechanisms of cell-volume-dependent and cellvolume-independent VRAC gating. Numerous studies associated several types of protein kinases with activation or modulation of VRAC. By performing simple in silico analyses, similar to that shown in Fig. 4a , we can now identify putative sites for phosphorylation. These will help in designing experiments which will test whether LRRC8A is phosphorylated directly or if auxiliary proteins are involved. Arguably the easiest but most exciting and extensive work that lies in front of us is to determine the precise physiological roles of VRAC on the cellular, tissue, and whole-organism levels. The discovery of VRAC genes equipped us with all the might of the tools provided by molecular biology and molecular genetics. With use of the Crispr/Cas9 approach to gene editing, viral-driven manipulation of gene expression in vivo, and floxed LRRC8A animals for tissue-specific and conditional knockouts, we are likely to see dramatic improvements and revisions to our understanding of VRAC physiology within the next 2 to 3 years. This latter work is extremely important. Among other things, it will allow for discriminating physiological contributions of LRRC8/VRAC from other volume-sensitive Cl − channels in the CNS and elsewhere. For example, the bestrophin-1 Ca 2+ -activated Cl − channels are thought to contribute to tonic and agonist-stimulated release of glutamate, GABA, and other bioactive molecules from astrocytes [114, 147, 211] , and in such a way possibly work in parallel with the LRRC8 channels. The same Best1 channels have also been found to be indispensable for cell volume regulation in retinal pigment epithelial cells [127] . Therefore, Best1 may play the role of a cell-type-specific functional homolog of VRAC. In astrocytes, cellular swelling and chemical ischemia activate not only classical VRAC but also additional, functionally distinct glutamate-permeable maxi anion channels, the molecular identity of which is yet to be found [119] . Some of these anion channels are considered in other contributions included in this special issue of the Pflügers Archiv. Finally, uncovering the mechanisms of VRAC activation will likely bring us closer to the last frontier in the field, to the Holy Grail of cell volume regulation-the molecular nature of cell volume sensor(s). It is a whole new game indeed.
